Abstract Recently, post-mortem MR quantification has been introduced to the field of post-mortem magnetic resonance imaging. By usage of a particular MR quantification sequence, T1 and T2 relaxation times and proton density (PD) of tissues and organs can be quantified simultaneously. The aim of the present basic research study was to assess the quantitative T1, T2, and PD values of regular anatomical brain structures for a 1.5T application and to correlate the assessed values with corpse temperatures. In a prospective study, 30 forensic cases were MR-scanned with a quantification sequence prior to autopsy. Body temperature was assessed during MR scans. In synthetically calculated T1, T2, and PDweighted images, quantitative T1, T2 (both in ms) and PD (in %) values of anatomical structures of cerebrum (Group 1: frontal gray matter, frontal white matter, thalamus, internal capsule, caudate nucleus, putamen, and globus pallidus) and brainstem/cerebellum (Group 2: cerebral crus, substantia nigra, red nucleus, pons, cerebellar hemisphere, and superior cerebellar peduncle) were assessed. The investigated brain structures of cerebrum and brainstem/cerebellum could be characterized and differentiated based on a combination of their quantitative T1, T2, and PD values. MANOVA testing verified significant differences between the investigated anatomical brain structures among each other in Group 1 and Group 2 based on their quantitative values. Temperature dependence was observed mainly for T1 values, which were slightly increasing with rising temperature in the investigated brain structures in both groups. The results provide a base for future computer-aided diagnosis of brain pathologies and lesions in post-mortem magnetic resonance imaging.
Introduction
Recently, post-mortem MR quantification has been introduced to the field of post-mortem magnetic resonance imaging (PMMR) [1] [2] [3] [4] [5] . By usage of a particular MR quantification sequence, T1 and T2 relaxation times (in milliseconds) and Proton density (PD in %, where 100 % is equivalent to pure water) of tissues can be quantified simultaneously [6] [7] [8] [9] . Regular tissues and pathologies can be described by quantitative measurements within synthetically calculated MR images. By a combination of T1, T2, and PD values that are not vendor specific, each tissue can be characterized and discerned from lesions or pathologies [3, 4] . The quantification approach provides a base for computer-aided diagnosis (CAD) of lesions and forensic relevant findings [10, 11] . In order to implement CAD in post-mortem forensic MR imaging, databases of quantitative values of regular tissues, pathologic tissue and tissue lesions have to be established for relevant organs and tissues. Since quantitative values of various tissues, especially T1 values have shown to be temperature dependent, there is a need for temperature correction of quantitative values [2] [3] [4] 12] . So far, simultaneous quantification of T1, T2, and PD values in a post-mortem MR quantification setting has only been applied to thoraco-abdominal organs, tissues and body fluids. It could be demonstrated that based on the combination of quantitative T1, T2, and PD values, abdominal organs as well as body fluids could be differentiated from each other [3, 5] . Moreover, ischemic and hemorrhagic myocardial lesions could be differentiated from normal myocardium based on the combination of their quantitative T1, T2, and PD values [4] . In forensic neuroimaging, the quantification approach bears great potential since it might be feasible for automated detection of ischemia, hemorrhages, inflammation and tumors [1, 4, 9, 13] . In order to use the quantification approach for assessment of brain pathologies and lesions, the quantitative T1, T2, and PD values of the regular anatomical brain structures have to be assessed first. Knowledge of the quantitative values of the regular anatomical brain structures provides a base for discrimination between healthy and altered brain tissues.
The aim of the present study was to assess the quantitative T1, T2, and PD values of regular post-mortem anatomical structures of the cerebrum and brainstem for a 1.5T application and to correlate the assessed values with corpse temperatures.
Methods

Study population
In 30 forensic cases (13 female, 17 male), a quantification sequence was added to a post-mortem Neuro MR examination in a prospective study. The age at death ranged from 22 to 82 years (mean age 50.9 years, SD 16.4). The post-mortem interval (PMI: time between death and MR examination) ranged from 1 to 3 days. Cases were chosen selectively according to the following inclusion and exclusion criteria: only brains which appeared unremarkable at autopsy were included (unremarkable anatomical brain structures, no severe signs of edema (flattening of gyri, narrowing of sulci, expansion of white matter with reduction of the ventricular system, or extension of cones at basal part of cerebellum), and no brain injuries or brain pathologies). Exclusion criteria were counter wise to the latter and age less than 18 years. Corpses with relevant external signs of putrefaction (brown-to green-colored skin veins, ablation of external skin layers and vesicle formations of the skin) were also excluded. Table 1 gives information on all cases including age, gender, manner/ cause of death, PMI and body core temperature at MR examination. Due to logistic infrastructure no further information about the included corpses was available. According to autopsy reports estimated time of death was given in time ranges (maximal and minimal time of death). The mean of minimal and maximal time of death was used for determining the PMI.
PMCT and magnetic resonance imaging
All corpses underwent post-mortem computed tomography (PMCT) scanning prior to MR examination. Corpses with relevant putrefaction gas formations in CT images were also excluded from this study. Gas formations in PMCT were evaluated according to the Radiological alteration index (RAI) from Egger et al. [14] . Corpses with a RAI > 50 were considered to exhibit relevant putrefaction. Usage of the acquired MRI data was approved by the local ethics committee. For MR examination (Siemens Magnetom Symphony Tim 1.5T), corpses were wrapped in an artifact-free body bag. Subjects were examined in the supine position. The MR examination time was 45 min, of which the quantification sequence lasted 15 min. The MRI quantification sequence was a multi-slice turbo spin echo (TSE) sequence, where each acquisition was performed with eight different echo-times (TE) at multiples of 13.5 ms [13.5-108 ms]. Four different saturation delay times were acquired at 100, 400, 1100, and 2400 ms, using a repetition time (TR) of 2500 ms. In this setup, 32 different images were acquired per slice, with different effects of T1 and T2 relaxation. T1 and T2 relaxation, as well as proton density (PD), were retrieved by a commercially available post-processing tool (SyMRI Autopsy, SyntheticMR, Linköping, Sweden) [15] . The same software provided synthetic T1-weighted (T1w), T2-weighted (T2w), and PD-weighted (PDw) images for visual support. Twenty axial brain slices of 5 mm thickness were acquired with a gap of 0.3 mm. In each case, additional conventional T1 and T2 weighted axial brain images with a slice thickness of 5 mm and a gap of 0.3 mm were acquired with the following scan parameters: T1w: TSE (TE = 9 ms, TR = 500 ms); T2w: TSE (TE = 92 ms, TR = 5000 ms). During the MRI scans, the corpse temperatures were assessed in real time with MRcompatible temperature probes that were placed into the esophagus before the MR examination to assess body core temperature at the time of data acquisition. The body core temperatures of corpses ranged from 8 to 35.1°C (mean temperature 20.1°C, SD 6.6) ( Table 1) .
Forensic autopsy and brain dissection
Forensic autopsies were ordered by the local authorities. Autopsies were carried out by board certified forensic pathologists immediately after MR examinations. After dissection of the scalp the skull-cap was sawn circumferentially with an oscillating saw. The skull-cap was pried loose by shifting a T-shaped chisel in the saw cut. Afterwards the brain was cut into two halves using the Flechsig technique and removed from the skull. Both brain halves, including the cerebellum and brain stem were removed from the opened skull. Further dissection of the brain was performed by parallel slicing of the two brains halves. In each case brain tissue samples were collected (frontal cortex, hippocampus, cerebellum, and pons) for histologic examinations (stain Hematoxylin and Eosin (H&E)). Histologic evaluation was conducted by board certified forensic pathologists who were blinded for the MRI findings. Histology samples were obtained and investigated as part of the routine post-mortem examination, which was ordered by the local authorities. The samples were not taken for the purpose of the study and are taken in any case independently from any study. The post-mortem imaging findings obtained in the study were compared to the already existing histology reports as obtained in routine forensic case work.
Acquisition of quantitative values of regular anatomical brain structures
In synthetically calculated axial brain T1, T2, and PD-weighted images, quantitative T1, T2 (both in ms), and PD (in %) values of anatomical brain structures were assessed. The anatomical brain structures were assigned to two different groups. Group 1 included the following structures of the cerebrum: frontal gray matter, frontal white matter, thalamus, internal capsule, caudate nucleus (caput), putamen, and globus pallidus. Group 2 included the following structures of the brain stem and cerebellum: cerebral crus, substantia nigra, red nucleus, pons, cerebellar hemisphere, and superior cerebellar peduncle. A total of six independent (three on each hemisphere) and non-overlapping square regions of interest (ROIs) were placed in the defined structures in two adjacent slices (Fig. 1 ). The size of the ROIs depended on the size of the measured brain structure, but was at least 0.4 cm in each dimension. All measurements were conducted by one observer. , and PD values of all assessed anatomical brain structures with post-mortem intervals, and the age and sex of the study population were analyzed using the Pearson product moment correlation. p values <0.05 were assumed to be statistically significant. Using the MATLAB® software the receiver operator characteristic (ROC) curve approach was applied to give accuracy of discrimination between the tested anatomical structures in both groups. Accuracy was measured by the area under the ROC curve (AUC) with the traditional academic point system: 0.90-1 = excellent; 0.80-0.90 = good; 0.70-0.80 = fair; 0.60-0.70 = poor; and 0.50-0.60 = fail.
Results
Temperature dependence of quantitative values
The relations of quantitative T1, T2, and PD values and temperature in the investigated brain structures of Group 1 and Group 2 were expressed by linear equations. Table 2 gives the linear equations generated for all assessed brain structures. Temperature dependence was observed mainly for T1 values, which were slightly increasing with rising temperature in the investigated brain structures in both groups (Fig. 2) . Individual variation of the temperature/quantitative T1, T2, and PD value relations was observed in all investigated brain structures in both groups (Table 2) .
Histologic examinations
Histologic examinations revealed signs of slight cerebral edema (slight distension of perivascular and pericellular spaces, slight rarefaction of subpial spaces, and slight vacuolar appearance of gray matter neuropil) in all investigated brains. Apart from that no remarkable findings were present in the investigated brain slices. T1 T1 relaxation time in milliseconds, T2 T2 relaxation time in milliseconds, T body core temperature in°C, PD proton density in % related to pure water (100 %)
Visualization and statistical differentiability of quantitative values Table 3 shows the assessed mean T1, T2 and PD quantification values and standard deviations of the investigated anatomical brain structures in both groups. (Table 4) . Based on the ROC curve approach accuracy of discrimination between anatomical structures was excellent or good in all tested pairs of both groups (Table 4) .
Influence of age, sex and PMI on quantitative values
Regression analysis revealed no significant correlation of the quantitative values for T1, T2, and PD of the investigated brain structures compared with age and sex of the deceased, as well as the post-mortem interval (all p values >0.05).
Discussion
In the present study, the quantitative T1, T2, and PD values of various relevant regular post-mortem anatomical structures of the cerebrum, brainstem, and cerebellum could be quantified. In both the cerebrum and brainstem/cerebellum, the assessed anatomical structures could be differentiated based on a combination of their quantitative T1, T2, and PD values. In the next step relevant brain pathologies and lesions need to be quantified and compared to the assessed regular anatomical brain structures. Based on previous work, it can be expected that the quantitative values of certain pathologies and lesions such as tumors, acute and chronic infarction, hemorrhages, and inflammation are differentiable to the quantitative values of the regular anatomical structures. Moreover, it may also be possible to estimate the age of hemorrhages and blood clots [1, 4, 5, 9, 16, 17] . Once the quantitative values of regular anatomical brain structures, lesions, and pathologies are known they can be implemented in quantification databases. Such databases can be used to develop computer-aided diagnosis (CAD) software based on T1, T2, and PD quantification values. In a final step, such CAD-software could be implemented in a regular radiological workstation to aid the forensic radiologist in routine forensic casework [18] [19] [20] [21] [22] . Besides the possibility of the automated detection of pathologies, the quantitative MR datasets also offer the theoretic technical possibilities of MR image plan reconstruction and volume rendering on radiological workstations [1, 18] . The final goal of the publication's host institute is to develop databases which contain the quantitative values of all relevant organs and tissues to establish a forensic CAD-workstation for whole body MR scans. Since the brain is a forensic, highly relevant organ assessment of quantitative brain data is inevitable for that purpose [23] [24] [25] [26] [27] [28] [29] . In accordance to previous studies a temperature dependence mainly of the T1 values could be assessed in all investigated structures in cerebrum and brainstem/cerebellum [2, 3, 30, 31] . This reinforces the need to perform temperature corrections on quantitative values. If quantification values of corpses with different temperatures are to be compared, it is necessary to use temperature corrected values. The present study provides equations which can be used for temperature corrections. CAD-software based on quantitative values would have to consider corpse temperature and could use such equations for temperature correction of quantitative values.
All investigated brains showed histological signs of slight cerebral edema although the brains appeared unremarkable at gross examination at autopsy. It may be concluded that at least slight histologic signs of brain edema are a common finding in each post-mortem case and need to be taken into account for MR quantification. The reason for the appearance of slight signs of cerebral edema in causes of death not directly involving the brain may be hypoxia during agony. Agony can last at least several minutes which may be enough time to cause hypoxia in the brain due to depraved circulation and blood oxygenation [32] [33] [34] [35] . Slightly elevated water content in the brain due to edema may also influence quantitative values. Along with changes of pH value and tissue temperature, this may explain why the postmortem quantification values of brain tissue, especially the T1 values, differ from the known in vivo values of T1 and T2 relaxation times [2] . In some of the investigated cases, the cause of death was intoxication which is frequently, but not obligatory, accompanied by severe brain edema. However, these cases showed no severe edema at gross examination and in histological examinations and could, therefore, be included in this study. Case numbers for the present study were relatively small because gross signs of brain edema are a frequent finding at autopsy. Hence, many of our forensic autopsy cases did not fulfill the inclusion criteria of this study. The present study has noteworthy limitations:
Quantitative data were obtained from only 30 cases. In order to create a brain quantification database with regular quantitative T1, T2, and PD values, higher case numbers are required.
Quantitative measurements were conducted by one observer, which did not allow for analysis of reproducibility of measurements.
For the present study a 1.5T machine was used. Especially since the T1 and T2 values have shown to be dependent on 
Conclusions
The assessed regular anatomical brain structures of cerebrum and brainstem/cerebellum can be characterized and differentiated based on a combination of their quantitative T1, T2, and PD values. The data can be implemented in quantification databases and be corrected for different body temperatures using equations for temperature correction. This provides a base for future computer-aided diagnosis of brain pathologies and lesions in MR imaging.
